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Introduction {#sec004}
============

Recent randomized controlled trials (RCTs) have transformed acute ischemic stroke (AIS) treatment by demonstrating that mechanical endovascular therapy (MET) in addition to intravenous tissue plasminogen activator (IVtPA) has superior benefit over IVtPA alone \[[@pone.0191657.ref001]--[@pone.0191657.ref006]\]. Guidelines recommend MET with a stent retriever as the new standard of care for AIS patients with an occlusion in the intracranial internal carotid artery (ICA) or middle cerebral artery (MCA) \[[@pone.0191657.ref007]\]. While individual mechanical thrombectomy devices used with IVtPA have demonstrated efficacy in RCTs, no direct head-to-head comparisons exist. To differentiate these devices, we conducted a systematic review and indirect treatment comparison (ITC) to characterize the efficacy and safety of these new mechanical thrombectomy devices for treatment of AIS patients. The two devices analyzed in our study, Solitaire and Penumbra, work by navigating to the intracranial site of occlusion and removing the thrombus. Solitaire employs a stent that expands within the thrombus. The clot is removed by retraction of the stent into a more proximally located micro catheter. Penumbra utilizes a large bore aspiration catheter, which asserts negative pressure suctioning to engage and withdraw the thrombus. In either case, there is restoration of blood flow to the ischemic area.

Methods {#sec005}
=======

We conducted a systematic literature search in MEDLINE, Cochrane Central Register of Controlled Trials, and Embase from January 1, 2005-April 1, 2017. A previously published search strategy was employed \[[@pone.0191657.ref008]\]. Manual backward citation tracking was performed to identify additional relevant studies.

We included RCTs that evaluated a single MET device (multiple versions of the same branded device, tested within the same study, were included, i.e. Solitaire Flow Restoration (FR) and Solitaire 2) with IVtPA and assessed a comparator arm of IVtPA in patients with neuroimaging-confirmed AIS who had a proximal anterior circulation intracranial occlusion (in the ICA or MCA: M1 or M2 segment); patients had to present ≤12 hours of symptom onset with a minimum 90-day follow-up. Two investigators determined study eligibility independently, with disagreements resolved by discussion or by a third investigator.

The primary efficacy outcome was shift in ordinal modified Rankin Score (mRS). Secondary outcomes included 90-day mortality and symptomatic intracranial hemorrhage (sICH). Two investigators independently abstracted all data using a common data abstraction tool. The quality of each included RCT was assessed using the Cochrane Risk of Bias tool \[E1-2 in [S1 Appendix](#pone.0191657.s001){ref-type="supplementary-material"}\].

Traditional pair-wise meta-analysis was first conducted with events categorized as continuous variables. Analyses were conducted for each pair-wise comparison separately. Weighted averages were reported as odds ratios (ORs) with associated 95% confidence intervals (CIs) using a random-effects model with the Knapp-Hartung estimator \[E3 in [S1 Appendix](#pone.0191657.s001){ref-type="supplementary-material"}\]. Sensitivity analysis was conducted using the Mantel-Haenszel method. Between-study heterogeneity was calculated using the Paule-Mandel estimator. Traditional meta-analysis statistics were performed using the 'meta' package in R (version 3.1.3; the R Project for Statistical Computing) with a P value \<0.05 taken to indicate statistical significance. Adjusted ITCs of pooled estimates using inverse variance weighting were then performed according to the methods of Bucher and colleagues using the ITC computer program, Version 1.0 \[E4-5 in [S1 Appendix](#pone.0191657.s001){ref-type="supplementary-material"}\]. The likelihood of statistical heterogeneity was assessed using the I^2^ statistic, with a value \>50% representing important statistical heterogeneity \[E6 in [S1 Appendix](#pone.0191657.s001){ref-type="supplementary-material"}\]. We planned to evaluate the presence of publication bias and related biases through visual inspection of funnel plots and Egger test for plot asymmetry, but the small number of studies limited the ability of these methods to detect meaningful effects.

Results {#sec006}
=======

Three RCTs (n = 374 participants) were included in the primary analysis \[[@pone.0191657.ref001]--[@pone.0191657.ref003]\] ([Fig 1](#pone.0191657.g001){ref-type="fig"}). One additional study met all inclusion criteria, but did not administer IVtPA to the entire study population and was thus only included in the sensitivity analysis \[[@pone.0191657.ref004]\].

![Flow diagram of study selection process for the systematic review and indirect treatment comparison.\
\*REVASCAT met all other inclusion criteria, therefore it was included in the sensitivity analysis.](pone.0191657.g001){#pone.0191657.g001}

Characteristics of the included trials are detailed in [Table 1](#pone.0191657.t001){ref-type="table"}. In each trial, neuroimaging-confirmed AIS patients received IVtPA ≤4.5 hours of symptom onset; those randomized to a thrombectomy device received the appropriate intervention ≤5--6 hours of symptom onset. The mean age range was 65--70 years; percentage of male patients 43--62%; and median NIHSS of 13--18.

10.1371/journal.pone.0191657.t001

###### Baseline characteristics of patients in included randomized controlled trials.

![](pone.0191657.t001){#pone.0191657.t001g}

  Study, Year (N =) [\*](#t001fn002){ref-type="table-fn"}   Trial Name                                          Intervention, (n)                                 Age, Mean ± SD                                    Male, n (%)                                       NIHSS, Median (IQR)   Stroke Onset to Groin Puncture In MET Intervention Group, Minutes, Median (IQR)
  --------------------------------------------------------- --------------------------------------------------- ------------------------------------------------- ------------------------------------------------- ------------------------------------------------- --------------------- ---------------------------------------------------------------------------------
  **Campbell 2015 (N = 70)**                                EXTEND-IA                                           Solitaire+IVtPA (n = 35)                          68.6 ±12.3                                        17 (49)                                           17 (13--20)           210 (166--251)
  IVtPA (n = 35)                                            70±11.8                                             17 (49)                                           13 (9--19)                                                                                                                
  **Saver 2015 (N = 196)**                                  SWIFT PRIME[^‡^](#t001fn004){ref-type="table-fn"}   Solitaire+IVtPA (n = 98)                          65.0 ± 12.5[†](#t001fn003){ref-type="table-fn"}   54 (55.1)[^†^](#t001fn003){ref-type="table-fn"}   17 (13--20)           224 (165--275)
  IVtPA (n = 98)                                            66 ±11.3[†](#t001fn003){ref-type="table-fn"}        45 (46.8)[^†^](#t001fn003){ref-type="table-fn"}   17 (13--19)                                                                                                               
  **Mocco 2015 (N = 108)**                                  THERAPY[^¶^](#t001fn005){ref-type="table-fn"}       Penumbra+IVtPA (n = 55)                           67.4±11.4                                         34 (61.8)                                         17 (13--21)           227 (184--263)
  IVtPA (n = 53)                                            70.1±10.3                                           23 (43.4)                                         18 (14--22)                                                                                                               
  **Jovin 2015 (N = 206)**                                  REVASCAT[^±^](#t001fn006){ref-type="table-fn"}      Solitaire+IVtPA (n = 103)                         65.7 ±11.3                                        55 (53.4)                                         17 (14--20)           269 (201--340)
  IVtPA (n = 103)                                           67 ±9.5                                             54 (52.4)                                         17 (12--19)                                                                                                               

IVtPA Intravenous tissue plasminogen activator; NIHSS = National Institute of Health stroke scale

\*Intention to treat population

^†^Modified intention to treat population.

^‡^SWIFT PRIME: subjects were treated with either Solitaire Flow Restoration (FR) or Solitaire 2

^¶^THERAPY: subjects were treated with either Penumbra 3-dimensional (3D) Separator or Penumbra ACE aspiration catheter

^±^REVASCAT: not all subjects received IVtPA: n = 70 (60%) in the intervention group; n = 80 (77.7%) in the control (IVtPA) group

Results are shown in [Fig 2](#pone.0191657.g002){ref-type="fig"}. Data from Stent-Retriever Thrombectomy after Intravenous t-PA vs. t-PA Alone in Stoke (SWIFT PRIME) and Endovascular Therapy for Ischemic Stroke with Perfusion-Imaging Selection (EXTEND-IA) were pooled using traditional meta-analytic methods to obtain the comparative effects of Solitaire stent retriever, finding that shift in ordinal mRS (OR, 2.38; 95% CI = 1.62--3.49) was significantly greater with thrombectomy \[[@pone.0191657.ref002]--[@pone.0191657.ref003]\]. The Aspiration Thrombectomy After Intravenous Alteplase Versus Intravenous Alteplase Alone (THERAPY) trial evaluated the Penumbra aspiration system, demonstrating a significantly greater shift in ordinal mRS (OR, 2.4; 95% CI = 1.1--5.1) compared to IVtPA alone \[[@pone.0191657.ref001]\]. No significant differences were observed in secondary outcomes. No significant statistical heterogeneity was seen for any endpoint (I^2^ = 0%). When the analyses were re-run using the Mantel Haenzel method, no appreciable differences in any of the outcomes were noted. Risk of Bias is reported in [S1 Fig](#pone.0191657.s003){ref-type="supplementary-material"}. It should be noted that THERAPY utilized two separate Penumbra devices, the 3-dimensional (3D) Separator as of December 2012 and the larger bore ACE aspiration catheter as of August 2013. All of the outcomes were pooled in the original study and are thus represented as such in our analysis.

![Results from the traditional and indirect treatment comparison meta-analyses.\
CI = 95% Confidence Interval; IVtPA = Intravenous Tissue Plasminogen Activator; mRS = modified Rankin Score; OR = Odds Ratio; sICH = Symptomatic Intracranial Hemorrhage.](pone.0191657.g002){#pone.0191657.g002}

Results from the ITC between Solitaire+IVtPA and Penumbra+IVtPA reveal no significant difference in outcomes, including shift in ordinal mRS (OR, 0.99; 95% CI = 0.42, 2.34). A sensitivity analysis incorporating the Thrombectomy within 8 Hours after Symptom Onset in Ischemic Stroke (REVASCAT) trial did not result in any significant changes to the primary efficacy or safety endpoints ([Fig 3](#pone.0191657.g003){ref-type="fig"}).

![Sensitivity analysis: Results from the traditional and indirect treatment comparison meta-analyses incorporating the REVASCAT Trial.\
CI = 95% Confidence Interval; IVtPA = Intravenous Tissue Plasminogen Activator; mRS = modified Rankin Score; OR = Odds Ratio; REVASCAT = Thrombectomy within 8 Hours after Symptom Onset in Ischemic Stroke; sICH = Symptomatic Intracranial Hemorrhage.](pone.0191657.g003){#pone.0191657.g003}

Discussion {#sec007}
==========

Traditional meta-analysis confirm that the devices Solitaire and Penumbra each improve efficacy outcomes while not affecting patient safety, with comparison between the two devices demonstrating no statistically-significant differences. While not significant, mortality at 90 days slightly favored Penumbra+IVtPA (OR 1.37; 95% CI = 0.32, 5.93), whereas sICH appeared to trend toward the Solitaire+IVtPA group (OR, 0.17; 95%CI = 0.01, 2.43).

Prior to MET, IVtPA was the mainstay of AIS treatment; however, its usage has many limitations including unresponsiveness of large thrombi to rapid enzymatic degradation, narrow time-window for administration and risk of systemic or ICH \[[@pone.0191657.ref003], [@pone.0191657.ref009]\]. Furthermore, \>50% of patients receiving IVtPA have little improvement in disability or die \[[@pone.0191657.ref010]\].

A Randomized Trial of Intraarterial Treatment for Acute Ischemic Stroke (MR CLEAN) and Randomized Assessment of Rapid Endovascular Treatment of Ischemic Stroke (ESCAPE) were the first trials to show a benefit for MET with a stent retriever over IVtPA alone \[[@pone.0191657.ref005]--[@pone.0191657.ref006]\]. Four additional trials showed similar benefits, three using Solitaire and one with Penumbra \[[@pone.0191657.ref001]--[@pone.0191657.ref004]\]. However, it should be noted that the Therapy trial was stopped before primary endpoints were obtained due to lack of clinical equipoise. This implication is discussed further under the limitations of our study. While all studies demonstrated improved outcomes in AIS patients, the effects were not consistent across all trials. Notably, in RCTs with a shorter time from stroke onset to groin puncture, patients experienced higher rates of reperfusion and demonstrated greater odds of obtaining a favorable shift in mRS. Median time from stroke onset to groin puncture was \~265 minutes in MR CLEAN and REVASCAT, compared to 210--227 minutes in the EXTEND-IA, SWIFT PRIME and THERAPY trials. These latter three trials demonstrated higher rates of reperfusion (73--88%) and a more favorable shift in ordinal mRS (ORs = 2.1--2.67), compared to MR CLEAN and REVASCAT with reperfusion rates of 59% and 65.7%, respectively, and ORs = \~1.7 for ordinal shift in mRS. Future investigation may illustrate greater utility of MET in patients who undergo thrombectomy earlier in their clinical course.

While the results of implementing thrombectomy with IVtPA in AIS treatment has been overwhelmingly positive, concerns remain regarding device performance in heterogeneous populations. The studies in our analysis strictly excluded patients with larger, irreversibly ischemic cores and included those with protocol-defined measurements of salvageable ischemic tissue \[[@pone.0191657.ref002]--[@pone.0191657.ref004]\]. Additionally, two of the studies assessing the Solitaire stent retriever required neuro-interventionalists to complete ≥20 Solitaire procedures annually \[[@pone.0191657.ref003]--[@pone.0191657.ref004]\]; no such experience was required for Penumbra \[[@pone.0191657.ref001]\]. Finally, strict protocols were implemented to ensure patients received IVtPA ≤4.5 hours and MET ≤5--6 hours of symptom onset \[[@pone.0191657.ref001]--[@pone.0191657.ref004]\]. Future study is needed to determine if efficacy persists in patients with larger, irreversibly ischemic cores, who present 6 hours after symptom onset and undergo thrombectomy with less experienced neuro-interventionalists.

Finally, a review of the MET-device evidence is limited by the fact that the single Penumbra study (THERAPY) was halted early due to a lack of clinical equipoise secondary to external evidence. Despite being underpowered, THERAPY demonstrated a consistent suggestion of superiority for Penumbra, with the data indicating a benefit for the MET arm \[[@pone.0191657.ref001]\]. This, in turn, limits the current ITC to detect significant differences in outcomes when comparing Solitaire and Penumbra. One final limitation of the Therapy trial worth mentioning is that 13% (n = 7) of patients in the trial failed primary treatment with aspiration thrombectomy and were subsequently treated using either Solitaire or Trevo stent retriever. This may again limit the ability of our study to detect comparative efficacy between MET therapies.

Data from two ongoing prospective randomized trials may provide greater clarity in the comparative efficacy and safety of Solitaire and Penumbra MET devices; however, results are unavailable at this time \[[@pone.0191657.ref011]--[@pone.0191657.ref012]\]. In lieu of such randomized control trials demonstrating conclusive non-inferiority with aspiration thrombectomy, our meta-analysis serves to inform decision making by demonstrating equivalent efficacy and safety between Solitaire and Penumbra MET.

Conclusion {#sec008}
==========

Patients with AIS due to neuroimaging-confirmed large-vessel occlusion of the proximal anterior circulation, with small or moderate ischemic cores, exhibit significant improvements in efficacy parameters when treated with stent retrievers compared with IVtPA alone, without a significant change in safety outcomes. Indirect comparison of the Solitaire and Penumbra devices did not detect any significant differences in either efficacy or safety between the two devices. While awaiting the results of two prospective, randomized control trials, our analysis serves to inform clinical decision making regarding the treatment of AIS patients undergoing MET procedures.
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